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In this study the effects of the inorganic nutrients carbon dioxide, nitrogen and phosphorus on light-saturated photosynthetic rates (Pmax) and
quantum yield (α) were investigated in faba bean. Both Pmax and α increased asymptotically in response to increasing N supply. However the
maximums that were achieved for the asymptotic Pmax and α values in relation to N depended on both P and CO2 supply. Also, the short-term
photosynthetic responses to the increasing concentrations of CO2 were observed to be co-limited by both N and P supply. These findings support
the proposal that the N:P supply ratio controls the plant's photosynthetic capacity in response to elevated CO2 concentrations.
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It has been observed that the responses of plant communities
to global warming and elevated CO2 were influenced by leaf N:
P ratios (Hedin, 2004), which are in turn dependent on soil N
and P supply. This proposal has received support from
experiments that show that increases in biomass production in
plants acclimatized to elevated CO2 (440 and 600 CO2 μL L
−1)
relative to control plants (280 CO2 μL L
−1) depended on the
level of NPK supply (Grünweig and Körner, 2003). These
results are consistent with the observations that photosynthesis
is co-limited by both N and P supply (Jia and Gray, 2003; Jia
and Gray, 2004; Jia et al., 2004). In Pinus pinaster the
magnitude of growth, photosynthetic rates and N partitioning
into ribulose-1, 5-bisphosphate carboxylase oxygenase
(RubisCO) in response to increasing N supply was also
positively modulated by P supply (Warren and Adams, 2002).
This modulation of the photosynthetic response to N supply by⁎ Corresponding author.
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doi:10.1016/j.sajb.2007.02.189P may take place either directly or indirectly. Direct modulation
of photosynthetic activity by P may be facilitated through the
influence of P on RubisCO activation (Marcus and Gurevitz,
2000). Alternatively, indirect control of photosynthetic rates by
P supply could be exerted through the chloroplast phosphateFig. 1. The influence of P supply (LP: 0.05 mmol P; HP: 1.6 mmol P) on the
response of leaf area production (cm2 per plant) to the concentration of N supply
(10, 25, 50, 100, 250 and 500 g N m−3).
ts reserved.
Fig. 2. The influence of P supply (LP: 0.05 mmol P; HP: 1.6 mmol P) on total P
accumulation per plant (mg per plant) in response to the concentration of N
supply (10, 25, 50, 100, 250 and 500 g N m−3).
Fig. 4. The influence of P supply (LP: 0.05 mmol P; HP: 1.6 mmol P) on the
accumulation on P in leaves expressed as specific leaf P (g P m−2) in response to
the concentration of N supply (10, 25, 50, 100, 250 and 500 g N m−3).
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cytoplasm has been observed to modulate the photosynthetic
rate by influencing the rate of export of photosynthate from the
chloroplast (Cockburn et al., 1967a,b; Usuda and Edwards,
1982; Mächler et al., 1984; Rao and Terry, 1989; Rao et al.,
1989a,b; Usuda and Shimogawara, 1991; Rao and Terry, 1995).
P supply may also indirectly modulate photosynthetic rate by
influencing sink demand for photosynthate (Pieters et al., 2001).
In general, the proposal that photosynthesis is usually co-
limited by both N and P supply is consistent with the
observations of recent studies that yield maximization in
various crops was influenced by N:P supply stoichiometries
(Ågren, 2004; Sadrass, 2006). The objective of this study was to
investigate the effects of the C:N:P supply ratios on light-
saturated photosynthesis (Pmax) and quantum efficiency (α).
The experiments undertaken in this study focused primarily on
how N and P supply rates influence photosynthetic responses to
short-term increases in the CO2 supply in plants that had been
grown under normal ambient CO2 concentrations.
2. Material and methods
2.1. Growth conditions
The cold-hardy faba bean cultivar, Aquadulce Claudia
(Straathof Seed Group) which requires approximately 130–Fig. 3. The influence of P supply (LP: 0.05 mmol P; HP: 1.6 mmol P) on the
accumulation on N in leaves expressed as specific leaf N (g N m−2) in response
to the concentration of N supply (10, 25, 50, 100, 250 and 500 g N m−3).150 days for crop development was used in these experiments.
Outdoor pot trials were carried out as reported in Jia and Gray
(2004). Faba bean seeds were planted in 15 cm diameter (area
equivalent to 0.0177 m2) pots. The pots were filled with sterile
river sand. Sand was sterilized by autoclaving at 121 °C and
103.4 KPa (15 Psi) for 3 h in metal buckets. Two seeds were
planted in each pot and after germination one seedling per pot was
selected, so as to give an initial plant population consisting of
seedlings showing similar levels of growth. All pots were wateredFig. 5. The influence of N and P supply levels on net photosynthesis for
individual leaves that were exposed to increasing concentrations of CO2 under
an irradiance of 2000 μmol quanta m−2 s−1. The points on the graph indicate
means (n=4).
Fig. 6. The response of net photosynthetic rate to increasing irradiance (100 to 2000 μmol quanta m−2 s−1) as influenced by: N supply (10, 25, 50, 100, 250 and 500 g
N m−3); P supply (LP: 0.05 mmol P; HP: 1.6 mmol P); and carbon dioxide concentration (360 μmol mol−1; and 1000 μmol mol−1). The points on the graph indicate
means (n=4).
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cotyledons. Once the seedlings had emerged, they were watered
every second day with a modified Long–Ashton nutrient solution
(Hewitt, 1966). Six different N (10, 25, 50, 100, 250 and 500 g
m−3 N-KNO3) and two phosphorus (0.05 and 1.6 mmol P)
concentrations were applied. The experimental design was a
randomized complete block with four replications for each
treatment, with combinations of treatment factors randomly
assigned to pots in the block.
2.2. Nutrients
Amodified Long–Ashton nutrient mixture was used to supply
the non-nitrogen micro and macro-nutrients. For the micro-
nutrients 100× stock solutions were prepared in g L−1 as follows:
MnSO4·H2O 0.223, CuSO4·5H2O 0.024, ZnSO4·7H2O 0.029,
H3BO3 0.0186, (NH4)6Mo7O24·4H2O 0.004, CoSO4·7H2O
0.003, NaCl 0.585, FeEDTA 3.00. For the macro-nutrients
100× stock solutions were prepared in g L−1 in separate
containers as follows: CaCl2 50.00, MgSO4·7H2O 36.9, K2SO4
21.75. Nutrient mixtures were prepared by adding 10 ml of the
stock solutions to distilled water which was adjusted to 900 ml
and to which the appropriate quantities of N and P for each
treatment were added. The pH of the nutrient solutions was thenadjusted to pH 7.0 and made up to 1000 ml with distilled water
before being applied to the pots. Due to the low water holding
capacity of coarse textured river sand used in the pots, it was
necessary to water the plants every 2 days with 150 ml of the
nutrient solution. To ensure that all treatments had a sufficient
supply of potassium, 0.218 kg m−3 K2SO4 was applied to all
treatments.
2.3. Tissue N and P analysis
The leaves, stems and roots were dried in the oven at 105 °C
for 15 min and then at 65 °C for 3 days. For total N and P
analysis, dried plant material was first milled to a fine power
and 1±0.001 g samples were then digested in a hydrogen
peroxide–sulphuric acid digestion mixture as per the Kjeldahl
procedure. Standard colorimetric assays were used to determine
N and P (Anderson and Ingram, 1993). All N and P measure-
ments gave the total elemental N and P (organic plus inorganic)
present in the plant tissue.
2.4. Gas exchange measurements
Photosynthetic measurementswere performed between 38 and
45 days after planting. Photosynthetic activities were determined
Fig. 7. Photon-saturated net photosynthesis rate (Pmax) and quantum efficiency
(α) as influenced by: N supply (10, 25, 50, 100, 250 and 500 g N m−3); P supply
(LP: 0.05 mmol P; HP 1.6 mmol P) and carbon dioxide concentration (L[CO2]:
360 μmol mol−1; H[CO2]: 1000 μmol mol
−1). The points of the graph indicate
the means (n=4) and vertical bars represent SE (n=4) of the means.
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sunlight (2000 μmol m−2 s−1). Net photosynthesis under light
saturating conditions was measured with a portable CIRAS-1, PP
systems, infrared gas analyzer (Jia and Gray, 2003). Photosyn-
thetic measurements were carried out on eight different youngest
fully expanded leaves for each treatment. Leaf area was
determined with a Li-Cor area meter (Model Li-Cor 3100, Inc,
Lincoln, Nebraska, USA).
3. Results and discussion
Leaf area production in response to increasing N supply was
strongly influenced by P supply, indicating that leaf area
production was co-limited by both N and P (Fig. 1). Uptake and
accumulation of P increased more markedly in response to
increasing N when P supply was non-limiting (Fig. 2). At
limiting P supply concentrations the increase in P uptake and
accumulation in response to increasing N supply was only
marginal. Uptake and accumulation of N in leaves in response
to increasing N supply were strongly influenced by P supply
(Fig. 3). Specific leaf N content did not decrease with increasing
leaf area per plant (Figs. 1 and 3). However, as leaf area per
plant increased in response to increasing N supply, specific
leaf P content declined irrespective of P supply concentration
(Figs. 1 and 4). Implications of these results can be summarized
as follows: under non-limiting N conditions an increase in Psupply enhances both leaf N content and plant growth measured
as leaf area generation. Similarly, under non-limiting P
conditions any increase in N supply enhances both leaf N and
plant growth. This supports the thesis that N and P are co-
limiting with regard to plant growth.
Fig. 5 shows the effects of the N and P supply levels on net
photosynthesis for individual leaves that were exposed to
increasing concentrations of CO2. With increasing CO2
concentration it appears that N and P supply levels determined
the upper limits that were attained for individual leaf
photosynthetic rates. This conclusion is consistent with the
hypothesis that N and P supply are rate limiting factors for
photosynthesis under elevated CO2 conditions. Or alternatively
expressed, these results show that, with increasing CO2 supply,
photosynthetic rates are co-limited by N and P supply.
The photosynthetic–irradiance response curves show that
the light-saturated photosynthetic capacity was co-limited by N,
P and CO2. From the data presented in Fig. 6 the values for Pmax
and quantum yield (α) can be derived. Fig. 7 shows the impact
of P supply and CO2 concentration on the net photosynthetic
rates achieved for Pmax in relation to N supply. For both CO2
concentrations, plants receiving the high P treatment had the
higher net photosynthetic rates for Pmax compared with plants
receiving low P supply. Under both high and low P supplies,
quantum yield (α) also increased in a curvilinear fashion as a
function of N supply (Fig. 7).
The asymptotic maximum with increasing N supply and the
magnitude of the asymptotic maximum were in turn shown to
be dependent on P supply. This indicates that the impact of N
supply on photosynthetic rate was modulated by P supply.
4. Conclusions
The optimum N:P supply ratio has been defined as the N:P
ratio where net photosynthesis or plant growth is equally limited
by N and P (Sterner and Elser, 2002; Ågren, 2004). Even though
an extensive literature now exists on the optimal N:P
stoichiometries for crop growth (Sadrass, 2006), not much is
known about the optimum C:N:P ratios for photosynthesis or
plant growth. However, the study of Grünweig and Körner
(2003) does suggest that with long-term exposure to elevated
CO2, plant growth becomes co-limited by both N and P supply.
The results in Fig. 5 indicate that under short-term exposure to
elevated CO2 plants adapted to ambient CO2 levels show
responses consistent with photosynthesis being co-limited by C,
N and P supply.
In addition, if the photosynthetic catalytic machinery in
terms of leaf N concentration determines the source capacity of
the plant canopy and P concentration influences the energetic
efficiency of CO2 assimilation into plant biomass, then the
stoichiometric ratio of N:P (as a % of dry biomass) will
determine plant productivity levels in response to CO2 supply.
Therefore, in general, it could also be argued that with
increasing CO2 supply, the sink demand of actively growing
tissues for additional reduced carbon and source capacity for
assimilating additional CO2 would also be controlled by the N:P
supply ratio.
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